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ABSTRACT

Electro-optic techniques for analog-to-digital conversion (ADC) are being
developed for wideband signal collection and analysis. They have the capability of being '
used for direct s{gnal reception and ADC at an antenna. A fundamental requirement for
these designs is a high-frequency optical pulse train with uniform amplitude and pulse
spacing. A mode-locked fiber laser can provide pulse rates and pulsewidths suitable for
these high bandwidth applications. In this thesis an accurate method of calculating and
characterizing both the amplitude and timing jitters of the NPS active mode-locked sigma
laser was designed and demonstrated. The method utilizes a wide bandwidth
photodetector and a microwave spectrum analyzer to obtain data for analysis. Labview
4.0 software was used to extract and store the data displayed on the spectrum analyzer.
Matlab 5.1 software was then used to analyze the Labview data and to perform
calculations for the amplitude and temporal jitter. Measurements were made for a
microwave sweep oscillator and a cw generator, then again with the fiber laser operating
with each signal source. Final measurements were taken with variable laser diode pump
powers by varying the controller currents. Results show that the calculation of the laser
jitter is not dependent on the upper limit of the noise power integral calculation above 10
kHz; however, the jitter is highly dependent on the value of the lower frequency limit and
~ decreases dramatically as the lower limit is increased. Laser amplitude jitter was found
to decrease by 30% and timing jitter by 0.85 ps when the laser was operated with the cw
generator instead of the sweep oscillator. Also, it was found that as pump power was

increased, laser timing jitter decreased.
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I. INTRODUCTION

A. OPTICAL SAMPLING OF WIDEBAND ANTENNA SIGNALS USING

MODE-LOCKED LASERS

The use of mode-locked laser pulses to sample wideband microwave signals
directly at the antenna is a highly researched area of interest. This direct digitization or
digital antenna concept has the capability of turning the analog signal on an antenna into
a digital representation without the need for downconversion to intermediate frequencies.
The applications for such a capability are evident in communications, electronic warfare,
information warfare, and signals intelligence. The bits can be transferred to the receiver
signal processing by fiber optics thus eliminating the need for the heavy coax cables that
are often used. In the optical analog-to-digital conversion process, the laser pulses are
amplitude modulated by the antenna signal using an integrated optical interferometer.
The mode-locked laser characteristics that affect the resolution of the resulting digital
signal and the bandwidth of the signals that can be digitized are the laser pulse repetition
frequency, the pulsewidth, the pulse-to-pulse sample time uncertainty (temporal jitter),
and the amplitude uncertainty (amplitude jitter).

Mode-locked lasers produce very short duration pulses in the picosecond range at
high pulse repetition frequencies in the gigahertz regime. Optical analog-to-digital
converters (ADCs) have sampling frequencies up to 100 times the sampling frequencies

of integrated chip ADCs currently available [Ref. 1]. However, optical ADCs that can




digitize a wide bandwidth portion of the RF spectrum (e.g., 10 GHz) with sufficient
accuracy (e.g., 10 bits) is a goal that has yet to be achieved.

Calculations have been presented on the maximum pulse width allowable, as well
as the maximum amplitude and temporal jitter [Ref. 2]. That is, the sampling Waveform
will not have pulses of the same amplitude and the space between each pulse will not be
uniform. Each pulse will have a small timing error associated with it, otherwise known
as timing jitter (o7 ). This jitter will cause the signal sample to be taken at a slightly
different time than desired. The maximum timing jitter that can be tolerated without
incurring an error greater than one-half a least-significant bit is given by [Ref. 2]

I
Jmax = 2N+l7z.fm 2N an ?

1.1

where Ojmax is the maximum jitter, N is the number of bits in the digitized output, f;, is the
highest frequency in the signal, and fy is the Nyquist sampling rate for the signal

(fv = 2fm). For a 10-bit, 10-GHz bandwidth optical ADC, the Nyquist rate is 20 GS/s and
the maximum allowable jitter is 15.5 fs [Ref. 1, 3].

Pulse amplitude jitter is a problem if its variation is significant enough to exceed
an ADC step size or least significant bit. A binary-weighted converter with N bits of
resolution has 2"-1 quantization levels (approximately 2N for most useful values of N).
To avoid exceeding a step size, the amplitude variation AA must be less than or equal to

AAS—Z—é 1.2

2N




where 2A is the peak-to-peak voltage of the sampled signal. Since amplitude jitter (03.),
is measured as either a ratio or a percentage of peak value, maximum amplitude jitter can
be represented by

100AA < 100

aALmax = A - 2N—l . 1.3

For a 10-bit, 10-GHz bandwidth optical ADC, the maximum tolerable amplitude jitter is
t0 0.20% [Ref. 1, 4]. By optimizing the design of the mode-locked laser, the possibility
of being able to generate high-frequency pulse trains with minimum amounts of jitter can
be realized.

One of the more efficient actively mode-locked laser designs is the sigma laser.
The sigma laser, originally invented at the Naval Research Laboratory (NRL), for high
bandwidth optical fiber communications, has an inherently high pulse-repetition-
frequency (PRF) due to the unique cavity design that is shaped like the Greek letter sigma
(o). The Naval Postgraduate School (NPS) has adapted this desigﬁ for use in wideband
signal sampling. The characterization of the NPS sigma laser’s amplitude jitter and

temporal jitter are the subject of this thesis.

B. PRINCIPAL CONTRIBUTIONS

There were five principal goals of this thesis. The first was to develop a user-
friendly, accurate method for calculating the amplitude and temporal jitter associated
with two separate microwave signal generators. These generators are used to actively
mode-lock the laser cavity and determine the pulse repetition interval (PRI). The second

goal was to calculate the jitter of the NPS actively mode-locked sigma laser in operation




with each generator. The third was to investigate the dependence of the amplitude and
temporal jitter on the limits of integration (fy;g, and fi,w) of the laser output noise power
calculation. The fourth goal was to investigate the effects of the pump diode power on
the sigma laser outplit signal. The two laser diodes are used to pump the optical
amplifier. Specifically, how the laser output pulse behaved in the amplitude and
frequency domain as the controller current was varied between 32 and 180 mA was also
investigated. The final goal was to compare the amplitude jitter effects of the sigma laser
at different pulse repetition frequencies.

An accurate method for calculating the jitter associated with the NPS sigma laser
was developed using a wide bandwidth photodetector, an RF spectrum analyzer, and a
computer. Labview 4.0 computer software was utilized to extract and store the data
displayed on the spectrum analyzer using the General Purpose Interface Bus (GPIB) and
serial data ports. Matlab 5.1 software was used to perform the jitter calculations on the
stored data and produce graphs of the signal amplitude versus frequency. Approximately
40 hours were expended in programming the computer to perform the data calculations.

The data retrieval and calculations were used to study the jitter present in two
individual microwave signal generators. By experimenté]]y determining the jitter for
both signal generators at a éingle frequency the best source for actively mode-locking the
laser was chosen, resulting in the best stable pulse train. The laser was then operated
utilizing both signal generators independently to verify the characterization of the
generators.

The amplitude and temporal jitter calculations are functions of the total noise

power at the laser output. The noise power was calculated by integrating the power




spectral density with limits of integration ranging from the fundamental PRF ( fpeat) plus
a specified lower frequency limit (fiow,) to the upper limit of integration (fpeqt) plus a
specified upper limit (f;n). Varying the values of fig and fi,, then graphically
presenting the jitter values as each limit was changed extensively tested the dependence
of the laser jitter on these limits of integration.

The Naval Postgraduate School sigma laser is unique in that the optical amplifier
within the laser is pumped with optical energy using two laser diodes fhat are current-
limited to 181 mA. (Other sigma lasers in operation are usually pumped with much
higher power using solid state lasers.) The effects of the laser diode current were tested
by varying the current settings on the laser diode controllers and recording the signal of
the laser output as a function of amplitude versus frequency.

The final aspect of this research involved comparing the jitter of the laser output
signal at different pulse repetition frequencies. Three fundamental frequencies were
tested: 5, 7.5, and 10 GHz. The jitter was calculated and compared graphically as a

function of the changing limits of integration.

C. THESIS OUTLINE

Chapter II gives an overview of the Naval Postgraduate School (NPS) erbium
fiber sigma laser and traces the pulse path through the cavity;components. The
characteristics of the laser microwave signal generators as well as the method used for
jitter measurements are covered in Chapter III. This chapter will also discuss the théory

and calculations behind the jitter measurements. Chapter IV presents the results of the




jitter measurements taken. This includes the jitter associated with the signal generators
and the laser, the effects of laser diode current settings, and the effects of higher and
lower pulse repetition frequency settings. In Chapter V, the thesis conclusions and
recommendations are given. They incvlude recommendations for further optimization of
the sigma laser as well as possible solutions for jitter reduction. Finally, the Appendices
contain the commented Mat]ab code used to perform the calculations of the jitter and

instructions for laser operation.




II. NAVAL POSTGRADUATE SCHOOL ERBIUM FIBER SIGMA LASER

A. CAVITY DESCRIPTION

The Naval Postgraduate School (NPS) sigma laser is similar in design to the
patented sigma laser invented at the Naval Research Léboratory (NRL). The NRL sigma
laser was originally designed for a 100-GHz, time-domain-multiplexed, fiberoptic
communication system [Ref. 5]. Unlike the NRL laser which uses an erbium/ytterbium
(Er/Yb) co-doped fiber amplifier pumped by a neodymium (Nd) solid state laser, the NPS
sigma laéer uses an erbium doped fiber pumped by 200 mW of optical power from two
980-nm pump laser diodes. The NPS sigma laser is unique in that it uses three-fourths
less power than the NRL laser but it is powerful enough and stable enough for possible
use on small, mobile platformé [Ref 2.].

The NPS sigma laser shown in Figure 2.1 has a light pulse path that travels in a
clockwise direction. The path of the light in the cavity is as follows. Two laser diodes
pump light at 980 nm through two wavelength division multiplexers into 32 meters of
erbium fiber that act as an amplifier. The erbium fiber absorbs the 980 nm light, which
raises the energy of the cavity to an upper energy state then releases the energy in the
forrh of 1550 nm light. The light then travels through 80 m of dispersion-shifted fiber to
minimize pulse spreading. It then travels through 1 m of dispersion-compensating fiber,

shrinking the vertically polarized pulse even more.
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Figure 2.1. Naval Postgraduate School sigma mode-locked fiber laser design.




The light then strikes a Faraday rotating mirror, shifting the vertically polarized light 90°
and reflecting horizontally polarized light. The light then travels back through the
dispersion-compensating fiber, the dispersion-shifted fiber, and the amplifier, creating an
even stronger pulse.

The pulse then enters a polarization controller to ensure a horizontally polarized
pulse. The laser pulse then enters the polarization maintaining (PM) loop by passing
through a beam splitter that sends the horizontally polarized light down (as indicated by
the arrow) through a one-way PM isolator to a PM output coupler. The output coupler
splits off a portion of the light, sending 20% of the light to the output. Of the 20% sent to
the output, 80% is used as final output and sent to either an autocorrelator or a
photodetector and spectrum analyzer. The final output of the laser is approximately 16%
of the total light maintained in the laser cavity. The other 20% of the output is sent to a
feedback maintaining circuit. -_The laser light that was not split to the output continues on
and enters a Mach Zehnder modulator (MZM).

The MZM modulates the propagation modes within the optical cavity at the PRF
determined by the microwave signal generator. Two microwave signal generators were
tested, one a sweep oscillator the other a continuous wave generator. Both generators
emit sine wave signals at a set fundamental frequency and through the interaction with
the laser light in the MZM, the laser pulses “mode-lock” to the desired frequency
producing an output signal with a controllable PRF. This is called “active” mode-
locking. With an active mode-locked laser, multiple pulses can be maintained within the
laser cavity, resulting in a higher pulse frequency. This is opposed to “passive” mode-

locking where only one pulse can be maintained within the cavity.




" The laser pulse then continues through the PM fiber and hits a special orthogonal
splice off-set by 90° causing the orientation of the polarized light to change from
horizontal to vertical. The reason for the need to change the polarity of the li ght, is to
enable the light to pass back through the polarizing beam splitter that only allows
vertically polarized light to pass. At this point the process repeats.

The one portion of the laser diagram not discussed yet is the length stabilization
circuit. The circuit accepts input from the microwave signal generator and 20% of the
20% laser output. Due to thermal differences in the ambient air, the fiber can stretch
causing slight differences in the cavity length. The sampled output phase is ‘compared to
the signal generator and when they are not the same, a piezoelectric transducer is used to

change the cavity length. The change in cavity length cancels the change caused by

temperature fluctuations, ensuring a stable PRF.
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III. MEASUREMENT AND CHARACTERIZATION OF THE SIGMA LASER

A. SIGNAL GENERATORS

Two microwave signal generators were used to actively mode-lock the NPS
sigma laser during the experimental phase of this research. The first generator was the
HP8350B Sweep Oscillator and the second was the HP83711B Continuous Wave
Generator. The Sweep Oscillator was the earliér piece of test equipment used in the
initial laser construction, although no calculations of the jitter for this source alone were
performed [Ref 4]. The Continuous Wave Generator was later acquired as an improved

signal source. These sources are discussed below in more detail.

1. HP8350B Sweep Oscillator

The Hewlett-Packard model 8350B Sweep Oscillator used during the initial
design of the NPS Fiber Laser was modified with a Hewlett-Packard model 83592 RF
Plug-in installed. The range of the RF Plug-in unit was 0.01 — 20.0 GHz. The sweep
oscillator was run in continuous wave mode with the sweep trigger set to INTernal
[Ref 4]. Through experimentation, it was found that this signal generator was power
limited at higher frequencies, resulting in an “unleveled” indication von the generator.
Thus, the “power level” had to be reduced when fundamental frequeﬁcies above 10.0
GHz were used. This was accomplished by decreasing the “power level” in 0.1 dBm
increments until the “unleveled” fault ceased. Secondly, the signal produced by this
generator tended to drift slightly during laser operation resulﬁng in the use of the

feedback-compensating loop more often.
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2. HP83711B Continuous Wave Generator

The Hewlett-Packard model 83711B Continuous Wave (c§v) Generator was
purchased to replace the sweep oscillator. It provided a stable cw source in the range of
1.0 -20.0 GHz. The cw generator was also power limited at higher frequencies, but the
“power level” only requirea adjustment for signals greater than 14.0 GHz. This device
also utilized an INTemal trigger to produce the output signal. The initial benefit of this
device was that during laser operation, there seemed to be no appreciable si gnal drift,

allowing for a stable sampling source.

B. METHOD OF LASER MEASUREMENTS

In its current form, the NPS sigma laser is capable of providing a range of pulse
rates from 2 to 12 GHz. There are a number of measurement techniques available that
provide accurate data analysis of the laser signal. The research in this th¢sis was based
on the theory of laser noise measurements. The measurements were accomplished by
channeling the final pulsed output of the laser signal through a fast photodetector. An RF
spectrum analyzer was coupled to the output of the photodetector for measurement. The
data displayed on the spectrum analyzer was then transferred to a computer via a GPIB
interface for storage and analysis. The final output of the laser signal is approximately
16% of the total laser light resonating in the cavity [Ref. 4]. This amount was suitable for
measurement purposes. Table 4.1 lists all measurement equipment used and the

connector types.
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Device Nomenclature Connector
ILX Optical Multimeter (OMM-6810) with OMH-6706 Measurement Head FC/ST
Femtochrome FR-103MN/IR Autocorrelator FC
Hewlett Packard 8566B RF Spectrum Analyzer

Newport/Picometrix D-15ir Photo-Detector with attached DC Block ST

Hewlett Packard 8350B Sweep Oscillator
Hewlett Packard 83711B Continuous Wave Generator

Table 3.1. List of Test and Measurement Equipment.

Figure 3.1 shows the general layout of the measurement equipment and
connections. The photodetector, in conjunction with the RF spectrum analyzer, was used
to take all measurements. By attaching an ST/FC patch cord to the output pigtail of the
sigma laser, the autocorrelator with the oscilloscope could also be used for pulsewidth
measurements. However, the autocorrelator was being repaired so no pulsewidth

measurements were made for this thesis.

D

Oscilloscope

Sigma Fiber Cable Auto-
Laser ' B correlator
Computer
GPIiB/Serial Cable
Photodetector
w/ DC Block > RF
) Spectrum
Analyzer

Figure 3.1. Test and measurement equipment layout with connections.
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1. Photodetector with Spectrum Analyzer

The laser measurements were accomplished with the use of a Newport D-15ir
fast photodetector in conjunction with a Hewlett-Packard 8566B RF spectrum analyzer.
The sigma laser was mode-locked at pulse repetition frequencies of 2 to 12 GHz. The
photodetector had a 26 GHz detection bandwidth and a conversion factor of 23.46 mV
per mW of light energy [Ref. 6]. A dc block was used at the output of the photodetector
to protect the spectrum analyzer from low dc voltage present in the photodetector. The
dc Block had a measured insertion loss of 1 dB [Ref. 4].

The HP8566B spectrum analyzer has a frequéncy range of 2 to 22 GHz with a
sweep time (AT) of 60 ms and can store up to 1000 data points of information. Figure 3.1
shows that the spectrum analyzer was connected to a computer using a GPIB/Serial cable.
Labview 4.0 software was used to create a program to extract stored data from the
spectrum analyzer memory, to display it on the computer screen, and then to store this
data on the computer hard drive as a “text” file for later analysis. One characteristic of
this particular spectrum analyzer was that the spacing on the frequency axis was |
dependent on the frequency span that was manually programmed on the analyzer itself.
The frequency span was automatically broken into 1000 equally spaced bins and the
points recorded. In other words, a signal being generated on the spectrum analyzer with a
frequency span o.f'2 MHz had data points recorded every 2000 Hz. Since all of the
measurements, discussed later in this chapter, required data of a 2 MHz span and as close
to the peak frequency as possible, two separate files of information were required. The
first file contained data for a span of .2 MHz and the second file contained data for a

frequency span of 20 kHz. With these two files there were a total of 2000 points of data
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for a single signal. The are combined to provide data ranging from the peak signal
frequency plus 20 Hz out to the peak signal frequency plus 1 MHz for an input PRF of 2

GHz.

2. Data Transfer

The signal image generated on the spectrum analyzer was transferred to the
computer and displayed by a virtual instrument (vi) program written using Labview 4.0
software. It should be noted that the image seen on the Labview screen was not a screen
dump or bit map of the spectrum analyzer screen, but rather the image created by the
array of 1000 data points embedded in the spectrum analyzer memory. Figure 3.2 shows
an example of the Labview image for a 10-GHz PREF laser signal from the spectrum
analyzer. The image that Labview produced using the spectrum analyzer data points was
similar to the spectrum analyzer image and had frequency in units of Hz plotted on the x-
axis and amplitude in units of dBm plotted on the y-axis. The data points, extracted and
recorded by Labview, to the 12" significant digit, were then saved as a 2-column, 1000-

row array text file for later analysis using programs written in Matlab version 5.1.
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Figure 3.2. Labview 4.0 virtual instrument display of 10 GHz laser signal. 1000 data
points at a frequency span of 2 MHz.

C. THEORY OF JITTER MEASUREMENTS

The shape of the pulses from the NPS sigma laser consist typically of a short
pulse superimposed upon a much longer lower-amplitude pulse commonly referred to as
a “pedestal.” The pedestal results in an undesired variation in the frequency response in
sampling measurements at frequencies on the order of the inverse of the pedestal time
duration. A signal produced from a mode-locked laser has many different types of noise
associated with it. The two that have the most prevalent effect on the optical sampling of
microwave signals, and thus the subject of this thesis research, are amplitude jitter and
temporal jitter. Amplitude jitter refers to the small amplitude fluctuations occurring in
the detection bandwidth while timing jitter (or phase noise) produces fluctuations in the
pulse repetition interval of the laser.

The measurement of the laser jitter was difficult in the time domain. Since we

were unable to measure the pulse (no autocorrelator available), it was not possible to
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resolve its position to the femtosecond accuracy that was required. Also, autocorrelation
usually gives inadequate information about amplitude noise due to the limited receiver
bandwidth. In addition, no information on the higher-frequency background intensity
noise and timing jitter of the laser can be gained [Ref. 7]. Consequently, jitter
measurements were accomplished by computations based on power spectrum techniques
in the frequency domain using the RF spectrum analyzer. Figure 3.1 shows the noise |

spectrum at the base of a mode-locked laser signal.

P(f)
4——-J P4, Peak Amplitude

High Frequency

Temporal Jitter and

Amplitude Jitter Low Frequency
Temporal Jitter

Mf;veak » f

Figure 3.2. Noise spectrum for a mode-locked laser signal in the frequency domain
[Ref. 7].

The measured fundamental PRF is fy. and the harmonic number is M. For the case of
the fundamental, M = 1. The peak amplitude is P. The amplitude-noise sidebands
dominate at lower laser harmonics, while the phase-noise sidebands, having power
proportional to M?, dominate for harmonics of higher order. Thus, the amplitude noise is
determined by measuring the sidebands on a low laser harmonic while timing jitter
(phase noise) is determined by measurements on a sufficiently high harmonic. For the

timing jitter measurement, it should be verified that the chosen high-harmonic-noise
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sidebands are not dominated by amplitude noise, however, this was not possible due to
the frequency limitations of our spectrum analyzer.

Spectrum analyzers display the power spectral density P( f) integrated over the
analyzer resolution bandwidth (rbw) as a function of the frequency f. The noise power
Py, used to compute the amplitude and timing jitter, is calculated by integration of the

power density [Ref. 8]

Mf peak + fhigh

P, (M’fhigh’flow)= (2/rbw) J.P(f)df 3.1
Mf peg + fion
and is a function of the harmonic number M and the frequency span [faign, fiow)-

The sweep time or measurement duration (AT = 60 ms) determines f;,,, by the
relationship fi,, = 1/4AT = 4.16 Hz. Amplitude fluctuations and timing jitter components
with frequencies below this value contﬁbute little to changes in the laser intensity and
timing observed over the period AT [Ref. 8]. The detection bandwidth of the
measurement determines Jrigh-

The spectrum analyzer provided 1000 points of data covering the frequency span
selected. The frequency separation Af between these data points was the frequency span
divided by 1000 (span/1000). Integration was accomplished by using a finite sum to
approximate the integral [Ref. 9]. Replacing the integral with the finite sum, the

integration of the power density becomes
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500

Py (M., fugns Fiow) = (2176W) Y, Py (ndSf) 3.2
n=1
where,
P(ntf)
P, (nAf)=10 1 3.3

converting to linear units and 7 represents the index into the spectrum data in the span
(Mfpeart fiows Mfpear + frign). One aspect of this thesis research was to explore the

dependence of the laser jitter calculations on the limits of integration.

1. Amplitude Jitter

Amplitude jitter (o4, ) is the slight variation in the amplitude or height of a pulse.
It is expressed as either a ratio of noise power to peak amplitude power or as a
percentage. Amplitude jitter dominates over temporal jitter when measured at the
fundamental frequency. The calculation of the rms amplitude jitter for a given frequency

span is given by [Ref. 8]

o.AL [preak +»flow’preak +fhigh]= \/PN /PA 3.4

where P, is the peak power of the carrier. As the equation stands, this will give a unitless
result, but multiplication of this value by 100 will give the amplitude jitter as a

percentage. All of the amplitude jitter diagrams contained in this thesis are graphed using
0y in its unitless form. Numerical comparisons are made as noise power as a percentage

of fundamental frequency peak power.
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2. Temporal Jitter

Timing jitter is a function of the PRI or period of the laser pulse and subsequently
is measured in seconds. The temporal jitter or timing jitter (oy) represents fluctuations of
the PRI (1/fpeat). Temporal jitter has a power proportional to the square of the harmonic
(M?). When present in the higher harmonics, it will dominate over amplitude jitter.
Timing jitter in sampling experiments degrades the time resolution and gives rise to
. additional noise in the measurement [Refs. 7, 8]. The calculation for the temporal jitter

(oy) is [Ref. 8]

o= (2?;4)0“ (27: M{,., ]\[_/; >3

The temporal jitter is measured at higher harmonics. However, due to the 20-GHz upper
frequency limit of the spectrum analyzer, the desire to characterize harmonics of a 10-
GHz signal could not be accomplished. The measurements for the jitter were
subsequently taken with a PRF of 2 GHz, with the amplitude jitter calculated at the

fundamental, and the timing jitter calculated at the 5™ harmonic or a PRF of 10 GHz.
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IV. JITTER MEASUREMENT RESULTS
A. PRELIMINARY SPECTRAL ANALYSIS

During the course of research, the' first step was to construct a simple, accurate,
and user-friendly process for analyzing and measuring the jitter of a signal from the
sigma laser. As discussed earlier, 1000 data points, representing the laser signal were
stored as text files using Labview 4.0 software. These text files were used in two
computer programs written in Matlab 5.1 code, that allowed the user to import 8 separate
data text files, two files of data per signal sampled. The programs provided the ability to
compare the amplitudes versus frequency graphically, to compute the amplitude and high
frequency temporal jitter for each file, and then to compare these results. One limitation
that was encountered was the ability to compute the jitter measurements as close to the
peak frequency as possible. The reasons for this were two fold. The first was due to the
limitation of the spectrum analyzer to resolve discrete data points at large frequency
spans. The second was due to the degeneration of the laser signal below a 20-kHz
frequency span. This posed a problem in that the spectrum analyzer measurement
duration (AT = 60 ms) required a power spectrum density integration from the peak
frequency plus 4 Hz out to a range of 1 MHz. To solve this problem, a process was
established where a signal was sampled with a frequency span of 2 MHz and recorded.
Then that same signal was sampled again at a frequency span of 20 kHz and recorded.

The Matlab computer programs were then written so that two integrals (replacing with
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finite sums) were added together in the Py calculations. The resulting equation for Py

was

500 =500 '
B, =(2/rbw) 3 B, (nAf)+ DB, nAf 4.1
1

n=l1 L, o=
" 20 KHz span 2 MHz span

The first summation covers the portion of the spectrum from fi,,, to (fiw+ 10) kHz; The
second summation covers the spectrum from (f;,,+ 10) kHz to (fi,,+ 1) MHz. This
allowed for the analysis of a fundamcntai signal for the full range with the lower limit as
close to 4 Hz as the spectrum analyzef could resolve. In the case of the 2 GHz signal, the
lower limit was 20 Hz.

The signals produced by the microwave generators were set at a frequency of 2-
GHz. The spectrum analyzer was able to detect the 10-GHz 5™ harmonic of the 2-GHz
signal hence, the timing jitter was calculated from the 5% harmonic of the 2 GHz
fundamental PRF. Using the first harmonic of the 2 GHz signal provided accurate
amplitude jitter comparisons. One aspect of this research involved the behavior of the
laser jitter as a function of the limits of integration. Consequently, all of the graphical
analysis cphtajned in this thesis involving amplitude or timing jitter at the fundanﬁental
frequency were displayed as a function of the change in f,;, or the change in the lower
frequency limit fj,,,.

It was predicted that by varying fj;en, the amplitude and timing jitter would remain A
relatively constant at some point. The data was collected and plotted. Figure 4.1 and 4.2,
respectively, show the amplitude and temporal jitter results for the HP83711B CW

Generator as the upper limit f;,;, Was changed from 2 kHz to 1 MHz . |

22



Amplitude Jitter (5, ) vs. fhigh

HP 83711B CW Gen.

flow =10 Hz

fhigh =2kHz - 1 MHz

fpeak =2.0GHz

10* 10° 10
thign (H2)

Figure 4.1. Amplitude jitter for the HP83711B CW generator as a function of the upper
limit of integration.
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High Frequency Temporal Jitter (o ) vs. fhigh
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HP 83711B CW Gen.
f =10Hz
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fhigh =2 kHz - 1 MHz
fpeak =2.0GHz

5™ Harmonic = 10 GHz (PRF)

10

frign (H2)

Figure 4.2. Timing jitter for the HP83711B CW generator as a function of the upper limit
of integration.

Based on the above two plots, it can be noted that changing the upper limit of
integration fjen past 10 kHz, had no appreciable affect on the jitter measurements.
Because of this, the upper limit of integration was kept constant at a convenient 1 MHz,
vice the detector bandwidth of 26 GHz, and the focus placed on the effect of changing the
lower limit of integration, fj,,. Subsequent graphs and diagrams were plotted as a

function of the change in the lower limit of integration (fio).
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B. MICROWAVE SIGNAL GENERATORS

The next step was quantifying the jitter produced by the HP8350B Sweep
Oscillator and the HP83711B CW Generator. To accomplish this, both generators were
disconnected from the laser and attached directly to the spectrum analyzer. A nominal
frequency of 2 GHz was used as the test frequency. Measurement data was taken for
both generators for frequency spans of 20 kHz and 2 MHz. This data was first plotted in
the frequency/amplitude domain to identify fundamental differences in the signal
spectrums. Figure 4.3 shows the signal fundamental produced by the generators as
referenced to 0 dBc (dB relative to the amplitude of the fundamental PRF). The signals

begin at peak frequency plus 2 kHz out to 700 kHz.

T

HP83711B (CW Gen.) :
HP8350B (SW Osc.) B

Amplitude (dBc)

P P

.................................................

100 SRR I R R
Frequency (Hz)

Figure 4.3. CW generator and sweep oscillator frequency and amplitude comparison.
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As shown in Figure 4.3, the amplitude characteristics from the two generators differ only
slightly. The inherent noise in the sweep oscillator, however, was slightly more
pronounced.

The next step in comparing these two signal generators was to perform the jitter
calculations at the fundamental with a changing lower limit of integration to quantify
what effect the reduced bandwidth had on the total jitter. The integration was performed

by changing fiow from 20 Hz to 5 kHz, with fy; held constant at 1 MHz.

Amplitude Jitter ( Op yvs. flow

10 T

§ »——~ HP 83711B CW Gen.

-
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.......... _‘lbw=',2o I'!Z = SEKHZ
fhign =1 MHz: '
;fcenter§=2;GH§Z N
10-21 H H ......12 H H ......|a H H .
10 10 10 10
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Figure 4.4. CW generator and sweep oscillator amplitude jitter comparison.

Figure 4.4 shows a comparison of the amplitude jitter between the sweep

oscillator and the cw generator. The numerical value of the maximum amplitude jitter for
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each generator was calculated by reading the graphical value of the amplitude jitter ratio
for fi,y= 20 Hz and multiplying by 100 to obtain the percentage. For the cw generator,
the maximum amplitude was measured at approximately 46% of the fundamental peak

amplitude, while the sweep oscillator was 56%.

Temporal Jitter (o A ) vs. flow
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Figure 4.5. CW generator and sweep oscillator temporal jitter comparison.

Figure 4.5 shows the temporal jitter comparison for the two generators. A
difference of 0.35 ps of timing jitter at the maximum frequency span can be seen between
the cw generator and the sweep oscillator. Both the timing jitter and amplitude jitter

graph show that the cw generator’s signal is more likely to provide a more stable pulse
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train in the overall performance of the sigma laser. Quantifying the jitter of both

generators allows for the selection of the source that will provide the best laser output.

C. LASER MEASUREMENTS

1. Amplitude versus Frequency
While it was required to analyze the sigma laser jitter to prorhote future design
initiatives, knowing how individual devices within the laser behave gave a better
understanding of the entire jitter measurement process. With the individual signal
generators characterized as to amplitude and timing jitter, they were re-introduced to the
sigma laser circuit loop and measurements taken. The first step was to analyze the
amplitude versus frequency for each source individually and compare that to the

amplitude versus frequency for that source in conjunction with the sigma laser.

0 L e R : : L

t [u—— HPB3s0B (SWOsc) |
........ R R Laser w/SW Osc. E

Amplitude (dBc)

Frequency (Hz)

Figure 4.6. Laser and sweep oscillator, frequency and zeroed
amplitude comparison.
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Figure 4.6 shows the comparison of the sweep oscillator signal and the sigma laser
operating with the sweep oscillator. In both cases, the sweep oscillator was transmitting a

10 GHz pulse with a frequency span between 2 kHz and 500 kHz. Both of the signals

were referenced to zero dBc. The amplitude of the laser signal was significantly reduced
with respect to the pure sweep oscillator signal. A sidelobe at 30 kHz was also present in
the laser output. Some reduction in amplitude was expected. The effect on the overall

jitter of the system will be discussed later.

Pl i [—— HP83711B (CW Gen.) |
1ok s SR SF £\ ATERTPPS R Laser w/CW Gen.

Amplitude (dBc)

Frequency (Hz)

Figure 4.7. Laser and CW generator, frequency and zeroed amplitude comparison.

Figure 4.7, like Figure 4.6, was a comparison of the signal produced from the cw

generator and the signal of the sigma laser operating with the cw generator installed.

These measurements were made with a 10-GHz signal and a frequency span between 2
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kHz and 500 kHz. A sidelobe at 300 kHz was present in the laser output. Overall, the
continuous wave generator seemed to produce a narrower laser spectrum line width as
compared with the sweep oscillator. This is further clarified in Figure 4.8, which shows a

comparison of the two laser signals in the frequency and amplitude domain.

Do NG © ¢ iix—x Laserw/CW Gen. |:
7Y R T N S A fooio.if#——* Laserw/SWOsc. |4

-20

1
W
o

-40

Amplitude (dBc)
&
o

Frequency (Hz)

Figure 4.8. Laser powered by CW generator and sweep oscillator, frequency and zeroed
amplitude comparison.

With the spectra of the sigma laser and the signal sources graphically analyzed
and the jitter measurements complete for the individual signal sources, the generators

were re-applied to the laser and jitter calculations completed.
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2. Laser Jitter

Based on the amplitude versus frequency plots discussed earlier, it was predicted
that the amplitude and temporal jitter associated with the laser would be greatest when
the sigma laser was used in conjunction with the sweep oscillator. How much of a
difference was unknown. The jitter measurements for the laser were accomplished in the
same manner as the measurements for the signal generators. A laser pulse frequency of 2
GHz was used as the nominal frequency for all tests. A lower limit of integration range,
fiow, Of 20 Hz to 5 kHz was used, with fjg, held constant at 1 MHz.

The first test was conducted using the sigma laser with the sweep oscillator.
Figure 4.9 shows the graphical results of the amplitude jitter versus fi,, for the sigma

laser and the sweep oscillator signal.

. Amplitude Jitter (o AI_) vS. fl ow
10" SN S SR S5 08 1 DU SURR ISR . SUULEE SUE SO
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1072l £i2 .ia .
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Figure 4.9. Sweep oscillator and Laser powered by sweep oscillator, amplitude jitter

comparison.
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By taking the data for the maximum frequency span for the amplitude jitter
displayed in Figure 4.9 and multiplying by 100, the amplitude jitter as a percentage of
peak amplitude was derived. Figure 4.9 shows that the amplitude jitter, with fiow €qual to

20 Hz, for the sigma laser when used with the sweep oscillator was nearly 78% of the

r

peak signal.
. Temporal Jitter (o J)vs. flow
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Figure 4.10. Sweep oscillator and laser powered by sweep oscillator, timing jitter
comparison.

Figure 4.10 shows the temporal jitter comparison for the sigma laser and the
sweep oscillator measured at the 5" harmonic. The timing jitter, 6, was measured in

picoseconds (ps). The graph shows the sweep oscillator with approximately 1.8 ps of
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timing jitter, while the sigma laser shows 2.5 ps of fluctuation between pulses when fiow
was 20 Hz.
The next test was performed on the laser and the continuous wave generator. All

of the test parameters were held exactly the same as with the laser and the sweep

oscillator.
Amplitude Jitter (o AL )vs. fl ow
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Figure 4.11. CW generator and laser powered by CW generator, amplitude jitter
comparison.
Figure 4.11 shows that the amplitude jitter of the continuous wave generator was
approximately 46% of the peak frequency. The figure also shows that the laser with the
cw generator had an amplitude jitter of nearly the same amount.

The next step was to compare the timing jitter for the cw generator and the laser.
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Temporal Jitter (o T yvs. flow
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Figure 4'1.12. CW generator and laser powered by CW generator, timing jitter

comparison.
Figure 4.12 shows the results of the temporal jitter comparison for the laser and the cw
generator. Numerically, the diagram shows the generator alone with about 1.55 ps of
timing jitter and the sigma laser with around 1.65 ps.

A comparison of the sigma laser signal produced with the cw generator and the

laser signal produced with the sweep oscillator is also instructive. The importance of this
comparison was to solidify the previous assumption that the cw generator was the better

microwave signal generator to operate with the sigma laser.
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Amplitude Jitter (o AL )vs. flow
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Figure 4}.13. Laser powered by CW generator and sweep oscillator, amplitude jitter
comparison
Figure 4.13 shows that the amplitude jitter associated with the laser was less when
operating with the cw generator as opposed to the sweep oscillator. The maximum
amplitude jitter for the laser with the cw generator was measured at fion= 20 Hz as 48%
while the laser with the sweep oscillator was 78%. There was 30% more jitter or
fluctuation in the amplitude of the laser pulse train when powered by the sweep

oscillator.
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Figure 4}.14. Laser powered by CW generator and sweep oscillator, timing jitter
comparison.

Figure 4.14 shows the comparison between the temporal jitter of the two laser
signals at the 5™ harmonic. The graph indicates that there was more timing jitter
associated with the laser and sweep oscillator than with the laser and cw generator.
Numerically, there was a maximum of 1.65 ps of timing jitter with the laser and cw
generator and 2.5 ps with the laser and the sweep oscillator. Not only did the use of the
cw generator decrease the total amplitude jitter of the laser, but it also decreased the
timing jitter by 0.85 ps.

As previously discussed, the 5™ harmonic of the 2 GHz fundamental was used in

the preceding temporal jitter measurements with fiow initiated at 20 Hz . To garner a more
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accurate analysis of the jitter using the developed measurement techniques, the final set
of jitter data utilized a 2 GHz fundamental frequency produced by the cw generator.
With the use of the cw generator, the ability to resolve the laser signal down to 4 Hz was

achieved. Subsequently, the sixth harmonic was also able to be resolved, providing an

increase in temporal jitter calculation accuracy.

AmplitudeJiﬁer(cAL)vs fow
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Figure 4.15. Laser powered by CW generator, amplitude jitter at 2 GHz PRF.
Figure 4.15 shows the amplitude jitter for the laser operating with the more stable
cw generator at 2 GHz PRF and frequency integration span of 4 Hz to 1 kHz. Although,
by accomplishing this sort of resolution, the change in the lower limit of integration span
(fiow) Was reduced from 5 kHz to 1 kHz. Numerically, the maximum amplitude jitter at

fiow = 4 Hz showed little difference from the previous measurement limit of 20 Hz.
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accurate the timing

jitter of both harmo

In Chapter III it was discussed that the higher the harmonic of a signal, the more

jitter calculation would be. For the 2 GHz signal, both the 5" and 6™

harmonic were measured. This was accomplished with the goal to compare the timing

nics in order to quantify the effect of the harmonic number (M) in the

timing jitter calculation Equation 3.5.
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Figure 4.16. Laser powered by CW generator, timing jitter harmonic comparison.

Figure 4.16 shows the comparison of the timing jitter calculation at the 5" and 6™

harmonic for the fundamental PRF of 2 GHz. The maximum jitter present at the lower

limit of integration of 4 Hz, was 2.1 ps for the 6™ harmonic and 2.8 ps for the 5™, This

graphic substantiate:

d the premise that timing jitter was directly linked to the harmonic
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number. It also showed that at the higher order harmonics the presence of amplitude
jitter becomes less.

Tables 4.1 and 4.2 show respectively, the jitter measurement results and the jitter
added by the laser cavity, for the sweep oscillator and cw generator. The numerical data
was taken from the computer for improved accuracy. The laser cévity data was
calculated as the root mean square of the difference between the laser and the signal

generators.

2

2
o Laser cavity = J(al.,asermenerator ) - (O' Generator ) 4’2

The different values for the laser cavity in the two tables was attributed to the stability

of the signal produced by each respective generator.

Amplitude Jitter (04z) Temporal Jitter (6;)
HP 8350B (SW Osc.) 0.56 1.8 ps
Laser w/ SW Osc. 0.78 2.5 ps
Laser cavity 0.54 1.74 ps

Table 4.1. Summary of Jitter Measurements for Laser and Sweep Oscillator at Frequency
Span of 20 Hz to 1 MHz. Amplitude Jitter Calculated at Fundamental PRF, Temporal
Jitter Calculated at the 5™ Harmonic.

Amplitude Jitter (0aL) Temporal Jitter (oy)
HP 83711B (CW Gen.) 0.46 1.55 ps
Laser w/ CW Gen. 048 1.65 ps
Laser cavity 0.14 0.57 ps

Table 4.2. Summary of Jitter Measurements for Laser and CW Generator at Frequency
Span of 20 Hz to 1 MHz. Amplitude Jitter Calculated at Fundamental PRF, Temporal
Jitter Calculated at the 5™ Harmonic.
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D. LASER CONTROL AND EFFECTS

The final aspect of this research was the effect of pump laser power and
microwave signal generator frequency settings on the stability of the laser pulse train.
Two avenues were explored. The first involved a comparison of laser si gnal strength
versus the current produced by the pump laser diode controllers. The second was the

effect of amplitude jitter on the laser signal at different fundamental PRFs.

1. Pump Laser Diode Current Setting

The effect of higher and lower current settings for the laser diode controllers
driving the optical amplifiers was not known. To analyze this, the laser was connected to
the cw generator and run at various current settings ranging from 32 mA of average
current to the maximum current allowed for the diodes of 180 mA. Spectrum analyzer
data were collected for current settings of 32, 40, 60, 100, 120, 140, 160, and 180 mA.
The spectral amplitude was plotted as amplitude in dBm versus frequency. All
measurements were taken with the cw generator producing a fundamehtal frequency of
'10 GHz and a spectrum analyzer frequency span of 1 kHz to 500 kHz. Figure 4.17 shows
the result of this test. The graph shows that as the current settings are decreased at the
laser diode controller starting at 180 mA, the peak amplitude or the strength of the pulse
is diminished until the signal strength is at a minimum, at 32 mA. This supported the
conclusion that the more current applied to the laser diodes, the stronger the signal

produced and possibly the less jitter.
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Amplitude vs. Frequency
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Figure 4.17. Amplitude and frequency of laser signal at various current settings.

2. Signal Generator Frequency Setting

The final analysis consisted of running the laser with the cw generator and
comparing the amplitude jitter present at different fundamental frequencies. The laser
diode controllers were set to pump 180 mA of current into the laser while data was
collected at fundamental frequency settings of 5, 7.5, and 10 GHz. Like the previously

discussed laser measurements, the amplitude jitter were measured referenced to fioy. The
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amplitude jitter was plotted as a ratio. Figures 4.18 shows the results of these

measurements.
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Figure 4.18. Amplitude jitter at various fundamental frequencies.

As can be seen from Figure 4.18, the amplitude jitter decreased as the
fundamental frequency programmed into the signal generator increased. Numerically,
the value of the maximum jitter present, fj,,, equal to 20 Hz, was calculated from the
graph, showing that the amplitude jitter for the 10 GHz signal at approximately 48%,
while the 5 GHz was nearly lost in noise.

These tests showed encouraging information for the further development and

optimization of the sigma laser for frequency ranges of 10 GHz and higher. If the
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amplitude and timing jitter can be minimized at the higher frequencies it will allow the
development of an accurate (10 bit), high-frequency (10 GHz) analog-to-digital antenna

conversion.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. MEASUREMENT TECHNIQUE

The measurement technique designed in this thesis is useful for the
characterization and calculation of amplitude jitter and temporal jitter associated with the
sigma mode-locked laser. The programs and procedures written were based on
fundamental calculations for the amplitude jitter and higher harmonics (5 and 6 for 2
GHz) for the temporal jitter. It would be beneficial in the future if the available test
equipment were suitable to support higher order harmonic analysis for PRFs of 10 GHz
and above. This would provide an opportunity to install user-interaction methods for the
selecting of specific limits of integration for the jitter calculations. As it stands the limits
are set, based on available resolution, in the program itself. A second recommendation
would be to install a new RF spectrum analyzer, one that has the ability to resolve
discrete data points on the order of 4 to 20 Hz while working with frecjuency spans in the

1 to 3 MHz regime.

B. LASER DIODES

The laser diodes presently installed in the sigma laser are current limited to 181
mA. These diodes if operated at greater than 210 mA of drive current will have a limited
life span. If operated greater than 265 mA, they will be permanently damaged. The

thesis research showed the effects of driver current on the final output of the laser signal.
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The higher the driver current, the stronger the laser output signal, and the less jitter. To
optimize the sigma laser with higher power (higher current limit) diodes would possibly
allow for a much more stable output pulse train while minimizing amplitude and timing

jitter. This can be achieved with the idea of maintaining the limited size of the laser.

C. DESIGN OF SIGMA LASER

The final recommendation for the sigma laser is in its design. Currently, the laser
cavity is sandwiched between two pieces of plexi-glass with four inch spacers. The
feedback maintaining loop of the laser would be optimized if the cavity was contained in
a plexi-glass box. This would reduce the environmental effects (temperature,
atmospherics) that currently plague the laser. By reducing these effects, the reliance on
the piezoelectric transducer to maintain cavity length would decrease, thereby reducing

any subsequent noise.

D. SUMMARY REMARKS

The goals of this research were varied. They were ultimately tied to the
calculation, reduction, and optimization of the laser and its associated jitter. A user-
friendly, accurate method of calculating the final output jitter of the laser was designed
and implemented. This design utilized a wide bandwidth fast photodetector, a wide
bandwidth RF spectrum analyzer, and commercially available computer software. This

method was used extensively for the characterization and measurement of the laser
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amplitude and timing jitter. This method of analysis will be remarkably helpful in the
future as the design of the sigma laser is optimized to reduce overall jitter.

The results of Chapter IV show that the laser pulse train can be optimized by use
of the HP83711B Continuous Wave Generator for its microwave signal vice the
HP8350B Sweep Oscillator. By using the cw generator, amplitude jitter in the sigma
laser was reduced by 10% of the fundamental peak carrier frequency and timing jitter was
reduced by .35 ps for the fifth harmonic. Later analysis showed that by measuring the
amplitude jitter with the lower limit of the integration span set to 4 Hz provided little
difference from the maxirhum amplitude jitter calculation for the limit of 20 Hz. Also, by
measuring the timing jitter in the highest order harmonic available (6™) provided a more
accurate value for o;. The results also show that above 10 ’kHz, the upper limit of
integration in the noise power equation had no appreciable effect on the final output jitter
of the laser. However, the lower limit of integration dramatically reduced the jitter as it
was increased. This leads fo the conclusion that when jitter is reported by outside
sources, the lower limit of integration and for that matter the integration range should

always be noted in its entirety. Since the lower limit is directly related to the integration

time, AT should also be provided.
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APPENDIX A. MATLAB CODE FOR SOLVING JITTER CALCULATIONS

This appendix shows the programs used for calculating amplitude and timing jitter, and
amplitude versus frequency comparisons.

A. AMPLITUDE VERSUS FREQUENCY

The following MATLAB program was used with 8 separate files of data. The program
was meant as an aid in comparing the signals from the output of the sigma laser and
microwave signal generators.

%File: freqamp_com.m

filenamel = ‘filenamel .txt’
filename?2 = ‘filename2.txt’

Fmod = 10e+9; Yofundamental frequency set on signal generator

fidl = fopen(filenamel);

datahdrl = fscanf(fid1,’%76c’,7);  %skip first 7 lines of data file (header/date info)
format long e .

al = fscanf(fidl,’%g %g’,[2,1000]); %establish matrix with 2-rows, 1000-columns
freql = al(1,:)’;

ampl =al(2,:)’;

status1 = fclose(fidl); %close file once data is extracted
z1=[};

z] = ampl/10;

Pmwl = 10./z1; Yoconvert amplitude from dBm to mW

Freq_hzl =freql;
Amp_dbl = ampl;

tablel = [freql, Pmw1]; Yoplace values for frequency and power in matrix

[i1,j1] = max(table1(:,2)); %find the maximum power cell in data matrix

Fcl =tablel(j1,1); %find value of peak frequency corresponding to
Maximum power

%Above process is repeated for filename?2.

%****FIND DATA IN TABLE BETWEEN PEAK FREQUENCY AND 500 kHz***%
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data_tablel = [freq_hz1,amp_dbl1];
data_table2 = [freq_hz2,amp_db2];

[k,1] = max(data_tablel(:,2)); %find max amplitude from table
[m,n] = max(data_table2(:,2));

dBmax1 = data_table1(1,2); %assignment of max amplitude
dBmax2 = data_table2(n,2);

Fcll = (Fcl);

Fc12 = (Fcl + 500000); %setting limits of table search
Fc21 = (Fc2);

Fc22 = (Fc2 + 500000);

%find data in tables between reference frequencies
Points1 = find(data_table1(:,1)>Fc11 & data_table1(:,1)<Fc12);
Points2 = find(data_table2(:,1)>Fc21 & data_table2(:,1)<Fc22);

Vallx1 =data_tablel(Points1,1);  %assign variable the frequency data points found
Val2x1 = data_table2(Points2,1); Yobetween set limits

A =[Vallxl1]; Yoplace data in matrix
Vallxx1 = (A-Fcl); %subtract peak frequency from value to get span
B =[Val2x1];

Val2xx1 = (B-Fc2);

Vallyl = data_table1(points1,2); %assign variable the amplitude data points found
Vally2 = Vallyl — dBmax1; %subtract max amplitude to reference points to dBc
Val2yl = data_table2(points2,2);

Val2y2 = Val2yl — dBmax2;

figure(1)

semilogx(Vallxx1, Vally2, ‘-xr’,Val2xx1, Val2y2, ‘-*b’)
xlabel(‘units’)

ylabel(‘units’)

legend(“1* device’,’2™ device’)

Program Al: MATLAB program used to compare the amplitude versus
frequency for up to 8 files of data.
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B. AMPLITUDE AND TIMING JITTER

The following MATLAB program was used to import data files stored in ‘.txt’ format
and solve for the amplitude and timing jitter. Each piece of equipment tested had two
files of data taken. The first was for a frequency span of 20 kHz, the second for a span of
2 Mhz. The form of the program as it stands was used to combine the two files of data
and calculate the jitter as the lower limit of integration (Afjy) was changed from 20 Hz to
5 kHz. The graphs produced by this program were covered in Chapter IV.

%File: jitter.m

2

filenamel = ‘filenamel .txt
filename2 = ‘filename2.txt’

Fmod = 10e+9;

spanl = 20000;
span2 = 2000000;

rbwl = 300;
rbw2 = 10000;

Yfilename of 20 kHz data
%filename of 2 MHz data

9Yofundamental frequency set on signal generator

%frequency span (20 kHz) set on spectrum analyzer
%frequency span (2 MHz) set on spectrum analyzer

Yoresolution bandwidth set on spectrum analyzer
Yorbw2 = 10 kHz

Go¥HHddkxkrxxxdktDATA RETRIEVAL AND JITTER CALULATIONS **ddkkkskxap

%FILE ONE (20 kHz)
fidl = fopen(filenamel);

datahdrl = fscanf(fid1,’%76¢’,7);

format long e

%skip first 7 lines of data file (header/title)

al = fscanf(fidl,’%g %g’,[2,1000]);

freql = al(1,:)’;
ampl = al(2,:)’;

status1 = fclose(fidl);

zl1 =}

z1 = ampl/10;
Pmwl =10./z1;
freq_hzl = freql;
amp_dbl = ampl;

tablel = [freq_hz1, Pmwl}];
[i1,j1] = max(table1(:,2));
Pmw_max1 = max(Pmw1);
Fcl =tablel(j1,1);

delta_f1 = span1./1000;

T1 = 1./Fmod;

%similar to program Al

Yoconvert amplitude from dBm to mW

%place frequency and power data in matrix
Yfind max value of mW

%find corresponding peak frequency

%distance between data points (Af) for file 1
Yopulse repetition interval
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fhl = 10000; %ofnigh for first integral

yl =Fcl + fhi; Youpper limit of integration for 1% integral
jj1=0; /
Pf_Suml =[];
for fl1 =20:20:5000 %loop for changing fio. from 20 Hz to 5 kHz in
steps of 20 Hz
clear value
il =jjl+1; %counter
x1 =Fcl +fil; %lower limit of integration for 1 integral

%oFind all data in table between the upper and lower limits of integration.
datal = find(tablel1(:,1)>x1 & table1(:,1)<yl);

valuel = tablel(datal,2); Yoamplitude values corresponding to frequency
_ values between limits of integration.
Pf_Sum1(jj1) = sum(valuel); %summation of all frequency values between
limits of integration.
plotFL1(jj1) = fl11 %all of the Af,, values
end
%lJitter calculations

m = harmonic number ,

Noise_Powerl = ((2/rbwl)*delta_f1).*Pf_Suml; %noise power of signal
SigmaALl = sqrt(Noise_Powerl/Pmw_max1); %amplitude jitter
SigmalHF1 = (1/(2*pi*Fc1*m)*SigmaALl; Potiming jitter

SigmaAl _datal = SigmaALl’; %transpose of row vector
SigmaJHF_datal = SigmaJHF1’;

%********************************************************************%

%FILE TWO (2 MHz)

fid2 = fopen(filename?2);

datahdr2 = fscanf(fid2,’%76¢’,7);
format long e

a2 = fscanf(fid2,” %g %g’,[2,10001);
freq2 = a2(1,:)’;

amp2 = a2(2,:)’;

status2 = fclose(fid2);

z22=[];

z2 = amp2/10;

Pmw2 = 10./z2; %convert amplitude from dBm to mW
freq_hz2 = freq2;

amp_db2 = amp2;
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table2 = [freq_hz2,Pmw2];

[12,j2] = max(table2(:,2)); _ %find max value of peak power

Pmw_max2 = max(Pmw?2);

Fc2 = table2(j2,1); %find corresponding center frequency
delta_f2 = span2./1000; " %distance between data points (Af) for file 2
T2 = 1./Fmod; %pulse repetition interval

f12 = 10000;

x2 =Fc2 +f12; %fiow for second integral (fpeax+10 kHz)

th2 = 1000000;

y2 = Fc2 + fh2; %ofnign for second integral (fpeart 1 MHz)

data2 = find(table2(:,1)>x2 & table2(:,1)<y2); %data retrieval between limits
value2 = table2(data2,2);
Pf_Sum?2 = sum(value2); % sum data between limits

%Jitter calculations
Noise_Power2 = ((2/rbw2)*delta_f2).*Pf_Sum2; %Py for file two
SigmaAL2 = sqrt(Noise_Power2/Pmw_max2); %01 for file two
SigmaJHF2 = (1/(2*pi*Fc2*m))*sigmaAL2; % Oyyr for file two

SigmaAl _data2 = SigmaAL2’;
SigmaJHF_data2 = SigmaJHF2’;

%Total Jitter for two files
sigmaAL_totall2 = (SigmaALl + SigmaAL2)’;
sigmaJHF_total12 = (SigmaJHF1 + SigmaJHF2)’;

sigmaJI-IF_totalIZp = (sigmaJHF _total12 * le+12); %convert to picoseconds

% Continue for 3 more sets of files (20 kHz, 2 MHz)

%graphic analysis and comparisons can now be done using (fiow = plotFL#), O, Ojur

Program A2: MATLAB program used to calculate and graph amplitude and
timing jitter for 4 sets of data files.

53




THIS PAGE INTENTIONALLY LEFT BLANK

54



APPENDIX B. OPERATION OF THE SIGMA LASER

A. SIGMA LASER OPERATION

There are four basic steps to operation of the sigma laser. In order, they include the
pump diode temperature control, pump diode current control, modulation, and setup of
the autocorrelator or photo-detector. The laser output pigtails should be connected to the
autocorrelator or photo-detector and the feedback detector. The longest pigtail should be
connected to the autocorrelator through an ST/ST fiber connector. A second cable
connects the laser output to the autocorrelator using a FC connector. If the cover of the
autocorrelator is to be removed during laser operation, or the laser output pigtail is moved
to another device, then the Kentek “Near IR and CO,” # SES-BW laser safety spectacles
must be worn for safety purposes. Warning, the sigma laser is a pulsed laser with
invisible output at 1560nm. It can cause eye damage. If the photo-detector is being used,
the pigtail should be connected to the input of the photo-detector using a ST single-mode

~ connector, with a SMA-RF connector on the output of the photo-detector.

1. Pump Diode Temperature Controller Operation

Warning, without proper cooling, the laser diodes will overheat and fail
permanently. The green light indicating temperature controller output is in a position
where it is difficult to see. This light should be triple éhecked before turning the SDL
800 laser diode controller pump current on.

o Front settings for the temperature controllers are as follows:
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Switch/Button/Knob Setting

Power ON
Limit L5
SetR 10.00 K using large control knob.

After turning the power on, if the “Open Therm” remains on, double-check the cable
connections. If it still remains on, turn the unit off and seek aSsistance.
e Switch fhe “Display Mode” from “Set R” to “Actual R” and read the resistance on
the LED display.

® Press “Output” to start cooling the laser diodes. The LED should change to 10.00
KQ. The green output light under the large knob should come on.

e Verify that the “Display Mode” is set to “Actual R,” the LED display reads 10.00
K€, and the output light is on.

The temperature controllers tend to drift during operation and may be adjusted back
To 10.00 k€2 while in operation. During the start of cooling, the “Limit” indicator may

flash briefly; however, if it stays on, turn the output off and seek assistance.

2. Pump Diode Laser Controller Operation
Warning, turning on the laser output with “Average Current” other than zero will
probably ruin the laser diode. The highlighted LED’s next to the selection options are
easily misread as to which option is selected. Furthermore, the selection buttons are
sticky and may click down to another selection inadvertently. The “laser on” button

often sticks and the device will let the user turn the current up to the desired level while
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in setup mode without any other warning. If this occurs, turn the current down and then
turn the laser on. The user should double check that the highlighted LED is next to
“Average Current” and that 0 mA is set prior to pumping current through the laser diode.

e The SDL 800 laser controller operational settings are as follows:

Switch/Button/Knob Setting
Power On using key switch.
Current Limit 191 mA using current limit knob.
Average Current 0 mA using bias level knob.
Setpoint Temp. unused
Det. Cal. | Unused

e Verify that the laser diode controller “Average Current” is 0 mA.
Warning, laser light not contained in fiber or equipment can be an eye hazard.

e Verify that the laser output pigtails are connected to the autocorrelator or photo-
detector, and the feedback detector.

e Push the button next to “Laser” to switch from “Setup” to “On”.

The setup LED will flash for approximately 5 seconds and then the device will turn
the laser diodes on. If the controller turns on the “Error” light instead of the “On” light,
turn the controller off by the key, double check all cable connections and try again. If the
“Error” light comes on again, turn the controller off and seek assistance.

e Verify that the temperature controller green “Output” lights are lit and the “Actual

R” on both controllers is 10.00 k2.
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e Verify that the control option is set to “Average Current”, if not, select this option
using the buttons outside of the indicating arrows, the appropriate LED will be
lighted.

* Slowly turn the “Bias Level” knob until the display reads 15 mA of “Average

Current”. Then turn the current up until 180 mA is attained.

At 180 mA, each diode pumps 100 mW of 980 nm laser light into the erbium-doped
fiber in the laser. Warning, operating the laser diodes at greater than 210 mA of drive
current will shorten the life of the diode. Operating the diode greater than 265 mA will
damage the diode permanently [Ref. 8]. The error light will flash if drive current is
within 10 mA of the current limit [Ref. 9]. If this occurs, double check that the current
limit is set at 191 mA. If the error light comes on while turning the current up, seek
assistance. This is a sign that the laser diode has failed. The resistance displayed on the
temperature controllers will drop slightly by a few tenths of a kQ while turning the
current up on the diodes. If the resistance does not return to the set point within a few
seconds or the resistance continues to drop, turn the laser controller current down to zero

and seek assistance.

3. Modulation
a. DC Bias Voltage
A modulator bias voltage of +14.45 Vdc works well for normal operation.
Different bias voltages can be used based on experimentation. If attempting to

harmonically mode-lock the laser to attain a PRF of twice the modulation, then +15.9
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Vdc should be used as a starting point. A digital multimeter should be used to monitor
the DC power supply voltage.

Warning, a bias voltage of higher than 20 Vdc may run the E-TEK modulator; do not
exceed this voltage or the sigma laser will remain inoperable until a new modulator is
spliced into the laser cavity.

e Turn on the Model 5005S DC power supply and the attached digital multimeter.

Verify +14.45 Vdc.

b. Signal Generator

Ideally, the HP83711B CW Generator should be turned on without
transmitting a signal for a few hours prior to operation. A modulation frequency of 10.1
GHz is a good starting point but values between 5.1 and 12.1 GHz have successfully been
used.

e HP83711B CW Generator settings are as follows:

Switch/Button/Knob Setting
Power ON
Frequency depress “FREQ”
Keypad type in “10.1 GHz”
Power depress “POWER LEVEL”
Keypad type in “15.2 dBm”
ALC Mode INT

The “unleveled” light should be extinguished at this point. If not, try turning the

generator off and then on. The signal generator is power limited at higher frequencies.
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This means that the “unleveled” light can also be extinguished by reducing the power

level. If this does not work, seek assistance from the microwave lab.

¢. MITEQ Microwave Amplifier Operation

® Turn on the MITEQ amplifier by turning on the Model 3650S power supply. Ensure

that it is set for +15 Vdc.

4. Autocorrelator Operation

The laser is mode-locked while watching for pulse formation on the oscilloscope
next to the autocorrelator. The laboratory overhead lights directly above the
autocorrelator must be turned off because they interfere with the highly sensitive
photomultiplier tube inside the device even with the lid on.

¢ The attached oscilloscope settings are:

Switch/Button/Knob Setting
Power ON
CH1 V/Div 0.1V (initially)
Sec/Div 2 ms (initially)

e Turn the autocorrelator on using the unmarked switch on the front; the green light

directly above it will come on.

* Rotate the laser output polarization controller (PC) on top of the laser until a pedestal

of noise appears on the left side of the scope. Maximize the pedestal using the PC.

60




The FC connector cable attached to the autocorrelator occasionally interferes with the
polarization control. If the PC appears ineffective, carefully rotate the yellow output
cable until the maximum pedestal of noise appears. Further maximize the pedestal using

the PC.

e Change the oscilloscope Sec/Div to 1ms.

The autocorrelator is connected directly to the computer using a standard computer
connection cord plugged into the back of the autocorrelator. This should be
accomplished prior to any work on the laser. Measurements can then be made on the

signal using the installed autocorrelator software.

5. Photodetector and Spectrum Analyzer Operation
If the autocorrelator is not used then the alternative option is to use the NEWPORT

D-15ir Detector coupled with the HP8566B Spectrum Analyzer.

e Turn on the NEWPORT detector using the black switch on top. The red “ON” light
should be lighted. If the red “LOW?” light is lit then secure the laser, and replace the
AAA battery in the photo-detector.

o The attached Spectrum Analyzer setting are as follows:

Switch/Button/Knob Setting
Power ‘ ON
Frequency Depress “CENTER FREQUENCY”
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Keypad Type in the frequency the CW Gen. is set to

Span Depress “FREQUEN CY SPAN”
Keypad Type in 2.0 MHz (initially)
Bandwidth Depress “RES BW”, adjust to 3 kHz

The frequency span is directly related to the resolution bandwidth. For higher
frequency spans, higher resolution bandwidth is needed. For example a frequency span
.of 20 kHz only requires a resolution bandwidth of 300 Hz. The spectrum analyzer is
directly coupled to the computer using a standard computer connector cable plugged into
the J7 port on the back of the analyzer. Spectrum data can then be retrieved using the
installed software on the computer.

For procedure and pre-operational set up of the integrating amplifier,
feedback maintaining loop, and mode-locking technique refer to Ref. 2,
pages 137-140.
6. Autocorrelator Software
The laser pulsewidth can be measured using an oscilloscope. This measurement
is in milliseconds and a series of calculations must be made using the formulas in the
operator’s manual. The best anélysis is accomplished by using the Femtochrome
software on the computer.
e Double click on the MS-DOS icon or open MS-DOS window from the Windows 95
start menu. The program executable is “C:\Femto\FR_CDA”. Alternatively, there
are batch (bat) files in the default MS-DOS “C:\Windows” and the “C:\Femto”

directories.

e Type the word “femto” and the program will start.
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e During program initialization, type “2” for COM2 and type “0” for rapid scan.

e When instructed, press the reset button on the back of the autocorrelator next to the
wall power connection.

o The delay knob on the autocorrelator is useful for centering the pulse on the computer
screen. |

e Press the black button next to the delay knob and turn the delay knob so the pulse is
centered about the third time division from the left on the oscilloscope screen. This
will nearly center the pulse on the computer. The delay can be further adjusted as
necessary.

The software program is not set up to print directly to printer due to a mismatch in MS-

DOS programming and the advanced printers used in the lab. The program will print the

plot to a graphics file or will print the numerical data to a text file.

7. Spectrum AnalyzerA Software
When using the photo-detector with the spectrum analyzer, the best way to
capture data is by using the LABVIEW 4 software on the computer. The software by
itself will not do calculations or measurments, but it will allow the user to capture the
laser signal being generated on the spectrum analyzer in 1000 data points.
e With a signal centered on the spectrum analyzer, double click on the “Moose.lib”
icon, located on the Windows 95 sceen.

e A “File Dialog” box will appear. Highlight “Moose.vi” and click “OK”.
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* A graphical screen will appear. To capture the image that is on the spectrum
analyzer, click on the white “right arrow” located in the upper left hand corner of the
screen.

e The image located on the spectrum analyzer will appear on the graphical display with
the numerical values of the 1000 data points located above it. The graph uses
frequency (Hz) for the x-axis, and amplitude (dBm) for the y-axis.

* Tosave an image, click on the “save to file” icon on the graphics screen. It should
turn yellow indicating that the program is ready to save the next captured image.

¢ Enter the path and file name of the data to be saved. Be sure to add “.txt” to the end
of the file name. This will save the file as a text file for later use in MATLAB.

® Once the filename and path are entered and the icon is yellow, click on thé “right
arrow” again. This will capture the image on the spectrum analyzer and save it to a
file.

e Click the “save to file” icon again to turn it white. If this is not done, then the next

| time that the “right arrow” is clicked on, then the data for the new image will be
subtended onto the end of the last file saved.

This software is useful for capturing the data used in MATLAB for measuring the

jitter of the signal.




8. Turning Off the Sigma Laser

The order for securing the sigma laser is important. Most importantly the

temperature controllers must remain on until the drive current through the diodes is

reduced to zero.

Turn off the bias voltage and the +15 Vdc power supplies.

Turn off the signal generator.

Turn the “Average Current” using the “Bias Level” knob on both laser diode
controllers down to zero. “Current Limit” should still be 191 mA.

Switch the laser diode controllers from “ON” to “Setup”.

Turn off the laser diode controllers using the keys.

Turn off the Autocorrelator or the photo-detector.

Turn off the output to the temperature controllers; the resistance should change. If
the resistance drops significantly to 9 kQ or less, turn the output back on and let the
diodes cool for a while.

Tum the temperature controllers, oscilloscopes, multimeters, and spectrum analyzer
off.

Tumn the feedbéck detector off using the button on top. Warning, the microwave
amplifiers nearby will be hot. Check that the “Power On” light is extinguished. If the
detector is left on, the batteries will need to be replaced the next time the laser is to be

operated.
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